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SUMMARY

Literature shows a strong effect of blade sweep on the acoustics of axial fans. Starting with a
swept fan as a reference two new fans were build following the same design process but with
different sweep parameters (max sweep at tip/radial shape of sweep). Fan characteristics and
the corresponding sound emissions were measured. Further, wall pressure measurements show
characteristics of the tip vortex as a strong source of sound in this application. The aerodynamic
measurements are compared to RANS-simulations and show a proper accordance.

NOMENCLATURE
Latin symbols Greek symbols
A B form parameters ) shift angle
c absolute velocity n efficiency
D diameter % flow coefficient
s shift distance 0] sweep angle
D pressure v pressure rise coefficient
P power p density
r radius C) azimuthal angle
R dimensionless radius /7, v hub-to-tip ratio
u circumferential velocity
1% volume flow rate
x axial coordinate
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INTRODUCTION

Low pressure axial fans are used in various industrial and private applications such as ventilation sys-
tems and heat exchangers in facilities and the automotive sector. A vast amount of energy is consumed
by the still increasing demand for all kinds of fans. At the same time the requirement for better aeroa-
coustics is also increasing. So the main objectives of modern design approaches are high efficiency at
low sound emissions. The design approach used in this case study was presented by Lindemann [1],
[2]. It allows to apply sweep to a so far unswept blade while compensating for the reduction of section
lift [3] by increasing the chord length. He showed that a moderate blade sweep could lead to a signi-
ficant noise reduction of up to 8.0 dB(A). As the blade tip vortex is a dominant source of sound in this
configuration [4] a special focus is set on the blade tip region. The tip vortex is strongly influenced by
the pressure difference between pressure and suction side and the gap height. The gap height is set to
a constant value of ¢y, = 3 mm. The local pressure difference between pressure and suction side can
be influenced by sweep. Therefore variations in the radial shape of sweep will have an effect on the
blade tip vortex. By measuring the static casing wall pressure this effect can be observed. To assess
the different designs acoustic measurements are carried out in an anechoic chamber by an industrial
partner.

METHODOLOGY

Fan design

All fans presented in this paper have an outer diameter of D = 497 mm and a hub-to-shroud ratio
of 0.3. They are designed for pureley axial inlet velocities. The blades have a constant thickness of
4 mm. Leading and trailing edge are rounded with constant radius of 2 mm. All fans have 5 blades with
the same chord length distribution at the beginning of the design process. The chord length changes
whenever sweep is applied to compensate for reduced section lift.

Sweep in the present study is realized by applying a chordwise shift to the blade sections. A positive
shift results in a backward sweep and vice versa. The shift of the center of gravity is controlled by the
shift angle :
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with the hub-to-tip ratio v = D;,/D. A and B are free form parameters to adjust the desired sweep. R
is the dimensionless radius r/r,. The local sweep angle can then be calculated by:

As(r)/rr

tan ¢(r) = N

where As is the shift difference between two adjacent blade sections (see Fig 1).

Using the parameters from Table 1 three different shapes for ¢ were used to design a new fan. Fan
V1 is the baseline configuration. The design parameters are exactly the same ones that were used
in former investigations achieving good acoustic results. The only difference is the increase of blade
thickness from 2 mm to 4 mm so the blades are capable of mounting pressure transducers in the future.

The intention while creating fan V2 was to evaluate the influence of maximum sweep at blade tip
on the tip clearance vortex and the acoustics. It was obeserved, that the larger the maximum sweep
angle the lower the acoustic emissions. Therfore fan V2 aimed for a higher maximum sweep angle
compared to V1 (see Fig. 2). Fan V3 is very similar to the reference fan V1. There is no sweep up to
R = 0.6 but then catches up to the same value as V1 at the blade tip. This results in a bulkier shape in
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Figure 1: Definition of sweep angle ¢; Axial Projection [1]

Table 1: Fan design parameters

A B v | Omax/[?] | max/[°] | Trip/[mm] | MiBlages
FanV1 | 0.72 | 2 | 03 30 57 248.5 5
FanV2 | 0.72 | 2 | 0.65 72 75 248.5 5
FanV3 | 1.04 |1 | 0.6 30 57 248.5 5

the upper third of the blade. As the reduced section lift is compensated by an increase in chord length
fan V2 is much longer at the tip, V1 and V2 only show slight differences between 0.5 < R < 0.85
ending in the exact same tip geometry, see Fig (3).
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Figure 2: Radial distribution of shift angle (a) and the resulting sweep angle (b) for fans VI-V3
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Figure 3: Geometry of fan blades V1-V3

Experimental Setup

All fans are tested in a free inlet and outlet test chamber setup according to DIN/ISO5801. A full-
length nozzle with a diameter D,,,,. = 503 mm was installed. The orifice is extended by a tube of
constant diameter to provide wall pressure and PIV measurements close to the blade tip. Motor, torque
measurement drive shaft and tachometer are positioned upstream. This setup allows the measurement
of fan characteristics in terms of flow coefficient ¢, total-to-static pressure rise coefficient ¥,; and
total-to-static efficiency 7, see Eqn. (1-3).
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In addition, the exit stream velocities were measured in a constant axial position of 7 mm behind the fan
hub which approximately aligns with blade trailing edge at its maximum extent using a 5-hole-probe
measurement setup. The radial resolution is Ar = 5 mm.

To characterize the blade tip vortex a traversible wall flush-mounted pressure transducer is used.
1024 values per revolution were measured resulting in circumferential resolution of approximately
1.5 mm. The axial position of the transducer was changed in same intervalls of Az = 1.5 mm resulting
in an almost equidistant measurement matrix. The ensamble-averaged (n., = 64) static pressure and
the corresponding standard deviation were calculated according to equations Eqn. (4-5).

1 Tirev

p(z,0) = —> pi(x,0) 4)
rev i=1
prass(2,0) = | > [pi (x,0) ~ p(z, O) 5)
rev 4

The static pressure measurements are shown using the dimensionless pressure coefficient:

¢ = 7.3 (6)
gutip
_ DRMS
Cp.RMS = 5 (7)
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Numerical Setup

In addition to the experiments numerical investigations were carried out. The simulated geometry
consists of three domains: (1) test chamber with nozzle (90°), (2) fan inside measurement tube and
(3) free exhaust part. The axial length of the test chamber was set to twice the fan diameter (2xD), the
cross section uses the real dimensions of 1.8 m x 1.8 m. The exhaust domain was set to an axial length
of 4xD and radial extension of 3xD to allow for the jet to mix with the environment. The meshing for
these domains was done using ANSYS ICEM CFD. For meshing the different fan versions NUMECA
Autogrid was used. All grids are of structered type achieving a good overall quality. The average
overall grid size was about 5.5 million elements leading to a verified grid independence. ANSYS CFX
is used as a solver for reynolds-averaged-navier-stokes (RANS) equations using the SST turbulence
model. Regarding the boundary conditions, total pressure at inlet and static pressure at outlet were
applied.
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Figure 4: Numerical Setup: (1) test chamber (1:1 scale) with total pressure boundary condition at inlet,
(2) fan (72° segment) , (3) outlet region with static pressure boundary condition

RESULTS

Fan characteristics - Experiment / Numerics

Fig. (5a) shows the measured fan characteristics for V1-V3. V1 reaches a very good peak efficiency
of 54% at ¢ = (.21 as expected from former experiments. The changes in the radial distribution
of sweep angle between V1 and V3 causes a slightly reduced volume flow below ¥ = 0.25. Peak
efficiency remains unchanged. V2 shows disappointing aerodynamic performance. The volume flow
is decreased at all pressure levels. The peak efficiency drops by 2 percentage points and is moved to
a smaller volume flow rate. By looking at the exit stream velocities in Fig. (5¢) it can be seen that the
axial velocity component ¢, is much smaller in the outer blade regions. The circumferential velocity
¢, and therefore the pressure rise is also lower compared to V1 and V3. In the midsection the radial
velocity is negative. This is an indicator for blockage in the upper blade region caused by seperation.
This also explains the lower axial component. The intention for designing V2 was to find the limit
of this design process and it seems that the extreme sweep exceeded this limit. The CFD simulations
of V1 and V3 show a very good agreement with the experimental data, see Fig. (5b). It can be seen
that above ¥ = 0.2 no converging soulution could be achieved for V2. This supports the assumption
of a growing seperation hence a strong unsteady phenomenon that cannot be solved using RANS.
Nevertheless the good agreement for V1 and V3 is a good verification for the setup. This opens the
opportunity to use CFD as a cost effective method for fan design opitmization.
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(a) Fan characteristics (EXP) (b) Fan characteristics (CFD) (¢) 5-hole-probe measurements

Figure 5: Fan characteristics and exit stream velocities at design point

Wall Pressure Comparison

Fig. (6a) shows the non-dimensional static wall pressure in the fan casing at four different operating
points for V1. The white line represents the approximate position of the blade tip. Close to this line
there is a local pressure maximum and minimum representing the surface pressure on both sides of
the blade tip. Looking at ¢ = 0.27 there is a distinct red line of low pressure swerving from the
blade suction side. This shows the blade tip clearance vortex. The clearance vortex of the adjacent
blade coming from the bottom passes the trailing edge. With decreasing ¢ the angle changes and the
vortex barely hits the trailing edge. At ¢ = 0.19 and ¢ = 0.15 this disctinct structure becomes more
blurred and until the vortex breaks down. This comes along with an increase of the measured pressure
standard deviation, see Fig. (6b).
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Figure 6. Influence of operating point on wall pressure distribution for fan V1

Fig. (7) shows the wall pressure for all fans at design point. As V1 and V3 have the same sweep
angle at the tip and therefore the geometry is identical the pressure map should be nearly identical.
The qualitative behaviour, especially the position of tip clearance vortex is the same. V2 has a larger
sweep angle at the blade tip. The reduced lift -compensated by a longer chord length (see bottom
part)- is visible by smaller absolute pressure values.
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Figure 7: Comparison of fans VI1-V3: Wall pressure at design point

Acoustic Comparison

Figure (8a) shows the sound power levels as measured without weighting. V1 and V3 show a very
similar behaviour with only small differences of up to 1.5 dB. The strong increase of sound emissions
below ¢ = 0.2 is traced back to the aforementioned start of tip clearance vortex breakdown. V2 seems
to be less noisy at part load but that ignores the much smaller volume flow rate. To compensate for
different volume flow rates and pressure rises a specific sound power level is shown in Fig (8b) using
the formula:

V Apfa
Lgyeoe. = Lw — 10log— — 2010
P v 8 Vo 8 Apra

with Vp = 1 m? /s and Apg, o = 1Pa (see Carolus [5]) . It can be seen that V1 shows the best results
at design point. V3 is still about 1 dB louder. V2 hat its minimum at ¢ = 0.19.
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Figure 8: Comparison of sound emissions of fans VI1-V3
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DISCUSSION AND OUTLOOK

A design method was tested by designing three fans with different sweep. The effect that sweep at
the blade tip influences the generation of the tip clearance vortex could be shown. V1 and V3 -two
very similar fan designs- do not show differences in the tip clearance vortex structure analyzed by
wall pressure measurements. Nevertheless there is a measurable difference in the acoustic emissions.
Although wall pressure measurements are a good method to characterize the mean location of the tip
clearance vortex they fail at indicating the radial extent of the vortex area. To get more information
about the complex secondary flow effects stereo PIV measurements are scheduled. In addition V1
will be equipped with high response pressure tansducers close to the leading edge to gain information
about the unsteady inflow pressure field. Sensors in the rear part of the pressure side will detect the
impingement of the vortex of the adjacent blade. The numerical setup showed a good agreement with
the experimental data and could therfore be validated. As all experimental data showed in this study
was averaged no unsteady effects could be shown, yet. This will be done by unsteady CFD focussing
on secondary flow effects at the tip clearance.
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